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Summary

Nitrogen is essential for crop production, but also contributes to cutrophication of surface warter and
degradation of drinking water quality. Modern com production requires relatively large quantities of N,
which are generally supplied by fertilizers. Over-application of N fertilizers and animal wastes frequently
results in nitrate leaching. Synchronizing N availability with crop N need offers the potenual to protect
the environment without sacrificing production. Tools are needed to rapidly and casily monitor crop N
status to make timely decisions regarding fertilizer application. Analytical and oprtical techniques were
evaluated with greenhouse grown corn at silking to evaluate several methods to monitor crop IN status. A
portable chlorophyll meter was used to measure chlorophyll content of leaves by means of transmirttance
measurements. Leaf N concentration and chlorophyll meter readings were positively correlated. bur were
also affected by water stress and hybrid differences. Water stress decreased chlorophyll meter readings bur
increased leaf N content and diffusive resistance. Nitrogen stress decreased leaf N concentration, chloro-
phyll meter readings, and diffusive resistance. Both water and N stresses affected crop reflectance measure-
ments. Reflectance values in the green and near IR portions of the spectrum were inversely related to crop
N status. Water stress increased reflectance in red, green, and near IR wavelengths. Water stress by N sta-
tus interactions were significant for chlorophyll meter readings as well as reflectance measurements. Both
leaf reflectance and chlorophyll meter measurements provided a good indication of N status for adequately
watered plants, but the relationships were poor for plants grown under prolonged water stress.

Key words: Maize, transmirtance, rtﬂtfmnc:, nirrogen fn'rzlzz:r wazer stress.

Abbreviations: N = nitrogen; C = carbon; W = water stress; VT = stage of corn growth after complete
tassel emergence but before silk emergence.

Introduction

Nitrogen (N) fertilizer management in modern corn pro-
duction is an important area of applied research that has both
economic and environmental consequences. Tissue tesung is
one tool that can aid in fertilizer management by i1denutving
crop requirements for additional N. Measuring leaf oprical
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properties (i.c., reflectance or transmirttance) of radiant
cnergy can be considered a form of tissue testing.

Variation in plant pigmentation can be caused by many
factors, but nutrient stress is generally a primary considera-
tion. Maas and Dunlap (1989) used reflectance measure-
ments to characterize pigmentation differences between
leaves of unrtreated corn plants, leaves of fluridone-induced
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albino plants, and leaves from etiolated plancs (various
lengths of darkness) that had different chlorophvll concentra-
uons. In another study., Al-Abbas er al. (1974) used reflec-
tance measurements to demonstrate thar deficiencies of N, P
K, Mg, S, and Zn in corn leaves affected leaf pigmentation
and chlorophyll concentrations. Other research has shown
that leaf reflectance measured at 550 nm from sweet pepper
(Capsicum annum 1.) leaves had a strong relationship wich N
concentration (homas and Oerther, 1972). They concluded
leaf reflectance at 550 nm was 2 good indicator of leaf chloro-
phyll content. More recently, others have also shown reflec-
fance measurements can be a good indicator of N stress in
corn leaves (McMurtrey et al., 1994; Blackmer et al., 1994).

Chlorophyll meters have been shown to be effective at de-
tecting N stress in corn (Zea mays L.) leaves (Schepers et al.,
1992 a; Wood er al., 1992; Blackmer et al., 1994). Although
transmittance measurements with the Minolra! SPAD-502
chlorophyll meter are rapid and easy to make, they represent
only a very small portion of a leaf. The closed chamber
created when the chlorophyll meter is clamped onto the leaf
climinates interferences by external light sources. On the
other hand, an integrating sphere is essentially 2 larger and
more versatile type of chlorophyll meter (also closed system
with internal lighting). An integrating sphere not only meas-
ures leaf transmittance, bur it also measures reflectance ar
many wavelengths. A major difference berween the two in-
struments 1s that the Minolta chlorophyll meter measures
specific wavelengths (centered at 650 and 940 nm) while the
Integrating sphere can measure many wavelengths in small
Increments.

Reflectance measurements can also be made bevond the
single leaf confines of an integrating sphere. When canopy
reflectance measurements are made, external or natural light
sources arc used. Variation in external lighting requires special
calibration procedures. The advantage of reflectance measure-

ments 1s that when made from above the canopy, they repre- -

sent a large area relartive to a single leaf. Reflectance measure-
ments made near the crop canopy integrate plant-to-plant
variation, while those taken a greater distance from the crop
will integrate a larger area. Depending on the field of view of
the instrument, measurements taken well above the canopy
should make it possible to identify atypical areas in a field.

Leaf pigments (e.g., carotenoids and anthocyanins) absorb
various amounts of light in the visible range of the spectrum.
These leaf characreristics influence the reflecrance signature
of crops. Reflection of visible light (400700 nm) from vege-
tative tissue, like a corn leaf, is least ar wavelengths where
chlorophyll absorption is greatest. This phenomena results in
characteristically greater reflectance around 550 nm and lower
reflectance around 450 and G50 nm. In combination, these
absorption/reflection characteristics result in relatively large
differences in light reflection compared to relatively small
fluctuations in chlorophvll concentrations. It follows that leaf
reflectance in the visible portion of the spectrum is indicative
of chlorophyll concentration (Benedict and Swidler, 1961:
dinclair e al., 1971) and carotenoid concentration (Thomas
and Gausman, 1977).

Water stress can increase reflectance from corn leaves in
both the visible and near infrared portions of the spectrum
(Wooley, 1971). Previous research has shown that N concen-
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tration and chlorophyll content are affected by both N and
water stress (Wolfe et al., 1988). They found leaf chlorophyll

concentration in corn showed a water stress by N stress inter-
action, however. leaf N concentration was nor affected by the
interaction. This is probably because leaf N concenrtration is
related to the N uprake process whereas chlorophyll content
is predominantly a merabolic paramerer.

The objecrive of this study was to evaluate the effect of wa-
ter stress on monitoring crop N status by tissue and oprical
methods. The approach was to utilize data from a variery of
analytical procedures in an attempr to better characrerize the
interactions berween N and water stresses.

Matenails and Methods

This greenhouse study was established on 2 August 1993. Three
replications of Pioncer brand hybrids' 3398 and 3379 werc planted
into pots 30-cm diameter by 30-cm depth. Artificial lighting was
provided to extend the day length. Three levels of N (low, near ad-
cquate, and somewhat excessive) were established prior to planting
by applying ammonium nitrate and lightly watering into the potung
media which consisted of equal parts of sand, soil. peat moss, and
vermiculite. After germination, scedlings were thinned to four per
pot. Plants in all pots were maintained in 2 well watered state (mini-
mum of 50 % of water holding capacity) until the V6 growth stage
(Ritchie et al., 1992), when two water regimes were established.
Plants in one treatment were well watered while plants in the second
treatment were allowed to become stressed. Warter stress was im-
posed by reducing the watering frequency. Diffusive resistance was
measured to qualitatively determine watering frequency.

At the VT growth stage (21 September), water and N-related
measurements were made on the car leaf of two of the original four
plants in cach pot. For N-related measurements, thirty chlorophyll
meter readings were taken with 2 Minolaa SPAD 502 chlorophyll
meter. from midway along the length of the ear leaf and midway be-
tween the margin and midrib of two plants (Peterson et al., 1993).
The same position on these leaves was used to make spectral reflec-
rance measurements using a Li-Cor' integrating sphere with a halo-
gen white light source. A BaSOy reference was used to calibrate all
reflectance measurements. Each spectral scan was composed of re-
flectance from 512 bands between 348 and 1070-nm wavelengths in
l.4-nm increments. Approximately 350 ms were used to complete
cach spectral saan. Dara from sclected wavelengths (550, 650, 710,
850. and 940 nm) were used for statistical analysis. ~

Warer related measurements included diffusive resistance. made
on the ear leaf using a Li-Cor' model 1600 steady saate porometer.
After chlorophyll meter, reflecrance and diffusive resistance measure-
ments were made. the same areca of the same leaves was semi-de-
structively sampled using a 1-cm dia. leaf punch. A toral of 40 disks
were collected berween the margin and midrib from both plants in
cach pot. Leaf disks were dried, weighed. and finely ground (200
mesh) prior to analysis for C, total N, and "’N using a Carlo Erba
NA1500 CNS analyzer coupled to 2 Europa tracermass mass spec-
trometer (Schepers et al., 1989). Even though N fertilizer was not
applied in this study. the analyzer system automarically provided iso-
topic dara.

Analysis of variance was performed on all daca using the general

linear model procedures of SuperANOVA sofrware (Abacus Con-
cepts, Inc., 1989).

T = i

' Mention of brand names does nor indicate 2n endorsement by

the USDA-ARS.
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Results and Discussion

Statistical analysis indicated that leaf N concentration was
affected by hybrid, N rate, and warter stress (Table 1). These
findings are consistent with trends commonly noted in the
literature (Schepers et al., 1992 b). Chlorophyll meter read-
ings are rypically affected by the same factors thar affect leaf
N concentration. Differences in chlorophyll meter readings
berween hybrids were significant at P = 0.055. Both N and
warter stresses reduced chlorophyll meter readings. Water
stress had a considerable effect on chlorophyll meter readings
when adequate N was available, but had little effect when N
was limiting plant growth (Fig. 1).

Earlier studies (Blackmer et al., 1994; Schepers et al.,

1992 2) did not address the influence of warer stress on

Table 1: Means and statiscical signiﬁcancc of fertilizer N rate, water
stress. and cultivar on leaf N, C, and ’N content, chlorophyll meter
readings, and diffuse resistance.

L

Variable Nitrogen Carbon N Chlorophyll Diffuse
meter resistance
(mg/g) (mg/g) atom % (reading) (s/em)
Hvord
3379 26.7 426 0.378 42.9 348
3398 29.6 419 0.375 44.0 55
N rate
low: 19.6 410 0.384 37.0 9
medium 30.9 426 0.374 44.5 209
nigh 34.0 431 0.372 48.9 386
Water status
stressed 29.2 422 0.376 41.1 397
nonstressed 27.1 423 0.377  45.7 6
Probabilicy
Hyvbrid o : . ns ns
N rate -4 e ik 25 ns
Water stress (W) = ns ns P v
Hvbrid X N rate ns ns . ns ns
N rate X W ns ns ns = ns
Hvbrid x W s ns ns ns ns
Hybrid X N rate x W ns ns ; ns ns
*, ** Significant at the 0.05 and 0.01 levels. significantly.
(dp
S 60 ——
= y = 18.852 + 0.99071x
= RA2 = 0.866 ° 5
C 50 & .
. Non-stressed ®
ab’ 3 O *
©
S 40 4 B
J.
3. Water Stressed
S an y = 29.120 + 0.41221x
E A2 = 0.674
O
G 20 — i S ————— ]
15 20 2D 30 35 40

Leai N (mg/g)

Fig. 1: Relationship berween leat N concentration and chlorophyll
meter readings of warer stressed and adequately watered corn.
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chlorophyll meter readings although there was a strong DOSI-
ive correlation berween leaf N concentration and chlorophyll
meter readings. Darta reported here resulted in onlyv a weak to
moderate correlation (r=0.65) berween leaf N concenrtrartion
and chlorophyll meter readings when combined across two
different water levels. The relationship between leaf N con-
centration and chlorophyll meter readings improved signifi-
cantly by differentiating benween levels of crop water status
(Fig. 1). Adequate water increased both the chlorophvll meter
reading response to N fertilizer and the correlation benween
meter readings and leaf N concentration.

Even though chlorophyll meter readings responded sim-
ilarly to N for both hybrids in this study. other studies have
indicated hybrids may have different chlorophyll meter read-
ings when fertilized at the same N rate (Schepers et al.,
1992 b). In this study, at the lowest fertilizer N level Pioneer
brand hybrid 3398 conrained 22 % greater leaf N concentra-
tion than 3379 across both water regimes, but showed only 2
2 9% difference at the highest N rate (Table 1). The significant
hybrid by water stress interaction occurred because leaf N
concentration for 3398 was not affected by water stress, while
that for 3379 showed an 18 % increase in leaf N concentra-
tion with the water stress.

Several scenarios can be proposed to support the above
crends in leaf N concentration. First, hybrid 3398 may be
more efficient in terms of N uptake than 3379 resulung in
greater leaf N concentrations. An alternative is that 3379
might be able to maintain growth at a lower leaf N concen-
tration than 3398 and may partition a greater proportion of
N to mertabolite production. It is also possible that 3379 1S
more subject to volatile N losses from its ussue than 3398 or
that 3398 is more effective at adsorbing ammonia from the
atmosphere than 3379 (Francis et al., 1993). Some support
for the volatilization scenario is provided by isotopic N darta
showing a greater 15Nl enrichment (i.e., above normal abun-
dance levels) for 3379 than for 3398 (Table 1). For this sce-
nario to be feasible and for 3379 to have a lower leaf N con-
centration than 3398, it would probably require fractionation
(i.e., preference for HN vs. ’N or vise-versa) of N during
volatilization. Fractionation also occurs when using the mi-
crodiffusion process to prepare samples for isotopic analysis
(Hauck, 1982). As a result, in this case, a great proportion of
"N would be volatilized, thus leaving proportionately more
N in the plant. This scenario could also account for lower
leaf N concentrations for 3379 than for 3398. -

Occurrence and fate of N in the environment also involves
ammonia absorption from the atmosphere by vegeration,
which in some ways can be thought of as the reverse of N
volatilization from leaves. Plants under the greatest N stress
would have the greatest likelihood of absorbing atmospheric
ammonia. If for some reason, the atmosphere was enriched
with N ammonia or fractionation occurs during absorp-
tion. then the most N deprived plants might be expected to
become enriched proportionately more than plants having
adequare N availability.

Discussion of >N abundance in the plant ussue 1s con-
founded because microbial processes tend to concentrate "N
in soil and manures through fractionation. Increased PN
abundance in leaf tissue can be explained by the fact that

&

commercial N fertilizers tend to have 2 normal abundance of
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N (i.e., 0.367 atom % "’N). In this case, a shortage of N
fertilizer would result in proportionately greater uprake of re-
sidual soil N, which could be enriched if the soil conrained
peat or had a history of manure application. This hypothesis
s supported by the strong inverse correlation (r=0.92) be-
tween leaf N concentration and atom % '°N in the leaf Fur-
ther study would be required to characterize these processes.

The C content of plant tissue (Table 1) is typically about
400 mg/g, plus or minus 10 %. Data from this scudy fall
within this range, but showed a significant N rate and hybrid
effect. No explanation is provided as to why leaf C concentra-
tuon decreased with N availability other than perhaps it is re-
lated to a slight dilution of C content caused by enhanced N
uptake or merabolite storage in the leaves. At the time of
sampling, the position of the ear leaf was easy 1o identify and
pollination was in progress, buc it is unlikely that transloca-
ton of merabolites had occurred to a significant extent. This
hypothesis is supported by leaf thickness calculations made
from leaf disk weight and surface area dara. assuming a con-
stant density, which showed a lower leaf thickness for N
stressed plants.

Diffusive resistance measurements generally showed more
variability than the other measurements. Nonetheless, plant
water stress resulted in greater diffusive resistance, which af-
fects exchange of water vapor and gases with the atmosphere,
thereby affecring plant metabolism and growth.

Hybrid differences in this study did not affect any of the
reflectance values (Table 2). In contrast, nearly every value
(1.c., specific wavelengths) was affected by N availability and
water status. Reflectance increased with water stress for all
wavelengths shown in Table 2. This finding was expected be-
causc of the effect water stress has on diffusive resistance and
plant metabolism in general. It should be noted that reflec-
tance at 850 and 940 nm decreased with N stress, but con-
currently increased at 550 and 710 nm and showed mixed re-
sults at 650 nm. These same measurements all showed an N
stress by water stress interaction, which promprted a closer ex-
amination of the data than is evident from the mean values
provided in Table 2. Water stress on plants with adequate N
increased reflectance at 550 nm buc had litcle affect under N
stressed conditions (Fig. 2). Reflectance at 650 nm was not
affected by N status as long as the plants received adequate
water, but water stress increased reflecrance of plants with ad-
equate N (Fig. 2). Implications of these interactions are thar
interpretation of leaf reflectance dara to evaluate crop N sta-
tus 1s likely to be confounded by crop water status.

Since one of the goals of this research was to identify re-
flectance signatures (i.c., key wavelengths) that could provide
similar information as the leaf transmittance measurements
collected with the Minolta chlorophyll meter, reflectance dara
were compared with chlorophyll meter readings. Correlations
berween meter readings and individual wavelengths (Table 3)
were the strongest for 550 nm (green color) and 710 nm (red
edge area). Correlations decreased berween these two wave-
lengths where corn plants were absorbing the highest propor-
aon of light in the 650 nm portion of the spectrum (red
light) (Table 2).

The lack of any meaningful relationship berween chloro-
phyll meter readings and reflectance at either 850 or 940 nm
(near infrared wavelengths) is rypical because plants do not
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Fig.2: Ear-leaf reflectance 2t 550- and 650-nm wavelengths of corn
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Table 2: Mean values and sratsrical significance of fertilizer N rate.
water stress and cultvar on crop reflectance measurements.

Factor Wavelength (nm)
250 650 710 850 940 550/850 710/850
(%) (%) (%) (%) (%)
Hyvbrid
3379 14.2 7.79 18.8 40.8 40.5 0.349 0.462
3398 13.8 8.08 18.1 41.0 40.6 0.33¢6 0.439
N rate
low 14.8 7.32 19.4 39.6 39.2 0.373 0.490
medium 14.0 8.39 18.5 41.2 40.8 0.337 0.447
high 13.4 8.09 17.5 41.9 41.6 0.318 0.415
Water status
stressed 15.7 9.06 20.3 42.0 41.4 0.373 0.483
nonstressed 12.4 6.80 16.6 39.8 39.7 0.312 0.418
Probability
Hybrid ns NS NS Ns s ns ns
N rate ns " ’ o ’ o
Water stress . " o " ’ = =
Hyvbrid X N race ns ns ns ° ns ns ns
N rate X stress e A s - ) i .
Hyvbrid X stress NS NS NS NS NS NS ns
Hvbrid X N rate x stress ns  ns s 0% - ns ns ns

", °% Significanc at the 0.05 and 0.01 levels, significantly.
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Table 3: Correlation berween chlorophyll meter readings of maize
and ear leaf reflectance at several wavelengths.

Wavelength Correlation coefhicient
(nm) (r)
550 0.77
650 0.36
710 0.78
850 <0.03
940 0.05
550/850 0.86
(6S50/850 0.46
710/850 0.89
550/940 0.83
650/940 0.46
0.84

710/940

E= =t et

T — e — -

. s T ————— -

use.this tvpe of light (Fig. 3). For this reason. the near infra-
red portion of the spectrum is frequently used as a reference
to normalize dara collected at other wavelengths. In essence,
infrared wavelengths tend to respond to0 factors other than
those related to photosynthesis. Reflecrance in the near infra-

red portion of the spectrum is influenced by the frequency of
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intercellular air spaces of leaf ussue, which is influenced by
crop water status (Gausman et al., 1974). The effect of water
stress on near infrared reflecrance is illustrated in Figure i &
Thus, by referencing wavelengths that are responsive 10 pho-
tosyntheric activity and perhaps other unknown factors (l.e.,
550, 650, and 710 nm) to nonresponsive wavelengths (1.c..
850 and 940 nm), the resulting ratio should improve the sen-
sitivity of the reflectance measurement. Others have also used

this technique to standardize their darta (Takebe et al., 1990;
1982). Correlations berween both 530 and
710 nm and chlorophvll meter readings were improved by
normalizing with dara collected at either 850 or 940 nm (la-
ble 3). The 850-nm reference provided a slightly berter corre-
lation with the other wavelengths than did the 940-nm wave-
length. This observation could be an artifact because the in-
strumentation becomes insensitive at about 1050 nm.
Normalized data using the 550/850 nm wavelengths has
the advantage over other ratios because the reflectance pat-
terns are broad at these wavelengths (Fig. 3). Dara for this
reflectance ratio exhibited 2 highly significant N by warter
stress interaction (Table 2). Regression analysis showed a
strong inverse relationship berween leaf N concentration and
the 550/850 reflectance ratio for the adequately watered
plants (Fig. 4). This is because reflectance values at 550 nm

750 SO0

700

650

600

Wavelength (nm)

Fig. 3: Retlectance ot corn car-leaves at various wavelengths as atfected by N level and warter startus.
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10 : s NOIRatIEasC for corn grown under water-stressed and
15 20 25 30 35 <0

o 0.013x= - 0.958x + 27.958 control conditions as related to leaf N con-

Leaf N Concentration (mg/g) r~=0.98 centration.
were highly correlated with leaf N concentration and values —
at 850 nm were unaffected by leaf N concentration. Water =
stress rendered reflectance values ar 550 nm relatively insensi- = |
tive to leaf N concenrtration while the reference values at 3 e ) Water Stressed
850 nm became sensirive to leaf N concentration. | hese find- E‘ M Fccs y = -0.002x + 0.453
Ings raise serious concerns about the reliability of using reflec- 2 0.3 L ' = r=0.13 J
tance measurements from water stressed plants to characterize S
crop N status. This conclusion may be an artifact of the ex- v
perimental procedure because the plants used in the study S 030 L Non-stressed |
had been under prolonged water stress at the time of meas- 3 y = 0.000x" - 0.043x + 1.399 . |
urement. Under more natural field conditions, plants would I | =097
gradually change warer content and would not likely remain 0.25 _—‘"“‘—-—‘ﬁ—t—__l

under water stress for a prolonged period. - - - - 20 - 0
Values for the 550/850 nm reflectance ratio for adequately Chlorophyll Meter Readings
watered plants showed a strong inverse curvilinear relation-
ship (r°=0.97) with chlorophyll meter readings (Fig. 5). In
contrast, the similar comparison for water stressed plants was
very weak (r°=0.15). Questions remain regarding the effect
of water stress on chlorophyll merer readings, bur the effect
of intercellular air spaces must be considered, as noted above.
Ihe observation thar plants with high leaf N content had 2 calibration and normalizing light transmittance ar 650 nm.
relatively small effect on the value of the >50/850 nm ratio  Derails of signal handling ac these wavelengths within the
compared to more N deficient plants (Fig. 4) is attributed to chlorophyll meter are not published. Data from this studv
a situation where other nutrients or growth facrors limic leaf  showed 2 poor relationship berween chlorophvll meter read-
chlorophvll content ar high leaf N levels. This effect carries ings and the 650/940 ratio (r=0.44). Perhaps this rather poor
over to the relationship berween chlorophvll meter readings  relationship can be cxplained because both of these wave-
and the 550/850 reflectance ratio (Fig. 3). lengths were measured as reflected light in our study rather
The 940-nm wavelength was included in this study be- than using transmitted light as with the Minolta chlérophvll
cause the Minolta chlorophvll meter uses this wavelength for meter. Another contributing factor may be thar the Minolra

Fig. 5: Ear-leat reflectance ratio of 550/850 nm wvalues for corn
grown under water-stressed and control conditions as related to
chlorophyll meter readings.
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meter measures the amount of light transmitted through a 2
by 3 mm segment of the leaf. The rest of the light is either ab-
sorbed by the leaf or reflected into the closed chamber
around the leaf.

[n practical terms, the shape of 2 reflectance trace as a
funcrion of wavelength needs to be considered when evaluat-
ing the feasibility of developing a simple and inexpensive sen-
sor system. 1 he peaks at 550 and 650 nm are quite broad and
the plateau in the ncar infrared range (i.e., 850 and 940 nm)
make these wavelengths good candidates for further consid-
eration (Fig. 2). Even though reflectance at 710 nm is quite
specific for photosynthesis, the narrowness of the band may
make it difficult to develop a sensor that would be accurate as
well as reliable.

Conclusions

Common laboratory procedures that quantify crop N sta-

cus were able to detect differences in soil N availability of
corn leaves at silking as they responded to water stress. A

hand-held chlorophyll meter providcd similar informartion
relative to crop N srarus. Chlorophyll meters make gathering

crop N status information faster and easier than traditional

laboratory techniques. Reflectance measurements offer the

potential to evaluate the N starus of a single leaf by using an

integrating sphere or an entire crop canopy using a spectrora-

diometer. Canopy type measurements have many advanrages
compared to single |

eaf measurements afforded by the Mi-
nolta chlorophyll meter. Even though reflecrance measure-
ments taken in this study involved a closed chamber instru-
ment (i.c., integrating sphere) that would be impractical and
expensive to use under commercial applications, the results
ndicate that the concept of measuring leaf reflectance

evaluate crop N status is sound. Normalizing reflectance dara

at 550 nm to the 850 nm wavelength (1.c., 550/850 rauo),

should providc 1 reasonable measure of crop N status over a

range of water regimes.
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